CARDIAC RHYTHM MANAGEMENT SYSTEM USING TIME-DOMAIN 
HEART RATE VARIABILITY INDICIA 
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Related Applications 

This application is a continuation of U.S. Patent Application No. 
09/802,316, filed on March 8, 2001, the specification of which is incorporated 
herein by reference. 
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Technical Field 



The present system relates generally to cardiac rhythm management systems 
and particularly, but not by way of limitation, to such a system using time-domain 
heart rate variability indicia. 



When functioning properly, the human heart maintains its own intrinsic 
rhythm, and is capable of pumping adequate blood throughout the body's circulatory 
system. However, some people have irregular cardiac rhythms, referred to as 
cardiac arrhythmias. Such arrhythmias result in diminished blood circulation. One 

20 mode of treating cardiac arrhythmias uses drug therapy. Drugs are often effective al 
restoring normal heart rhythms. However, drug therapy is not always effective for 
treating arrhythmias of certain patients. For such patients, an alternative mode of 
treatment is needed. One such alternative mode of treatment includes the use of a 
cardiac rhythm management system. Such systems are often implanted in the 

25 patient and deliver therapy to the heart. 

Cardiac rhythm management systems include, among other things, 
pacemakers, also referred to as pacers. Pacers deliver timed sequences of low 
energy electrical stimuli, called pace pulses, to the heart, such as via an intravascular 
leadwire or catheter (referred to as a "lead") having one or more electrodes disposed 

30 in or about the heart. Heart contractions are initiated in response to such pace pulses 
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(this is referred to as "capturing" the heart). By properly timing the delivery of pace 
pulses, the heart can be induced to contract in proper rhythm, greatly improving its 
efficiency as a pump. Pacers are often used to treat patients with bradyarrhythmias, 
that is, hearts that beat too slowly, or irregularly. Such pacers coordinate atrial and 
ventricular contractions to improve pumping efficiency. Cardiac rhythm 
5 management systems also include coordination devices for coordinating the 
contractions of both the right and left sides of the heart for improved pumping 
efficiency. 

Cardiac rhythm management systems also include defibrillators that are 
capable of delivering higher energy electrical stimuli to the heart. Such 

10 defibrillators also include cardioverters, which synchronize the delivery of such 
stimuli to portions of sensed intrinsic heart activity signals. Defibrillators are often 
used to treat patients with tachyarrhythmias, that is, hearts that beat too quickly. 
Such too-fast heart rhythms also cause diminished blood circulation because the 
heart isn't allowed sufficient time to fill with blood before contracting to expel the 

15 blood. Such pumping by the heart is inefficient. A defibrillator is capable of 
delivering an high energy electrical stimulus that is sometimes referred to as a 
defibrillation countershock, also referred to simply as a "shock." The countershock 
interrupts the tachyarrhythmia, allowing the heart to reestablish a normal rhythm for 
the efficient pumping of blood. In addition to pacers, cardiac rhythm management 

20 systems also include, among other things, pacer/defibrillators that combine the 
functions of pacers and defibrillators, drug delivery devices, and any other 
implantable or external systems or devices for diagnosing or treating cardiac 
arrhythmias. 

One problem faced by physicians treating cardiovascular patients is assessing 
25 patient well-being for providing a prognosis or for adjusting therapy to improve the 
patient's prognosis. Heart rate variability ("HRV") is thought to provide one such 
assessment of cardiovascular health. The time interval between intrinsic ventricular 
heart contractions changes in response to the body's metabolic need for a change in 



Attorney Docket No. 279.3 17US2 



2 



heart rate and the amount of blood pumped through the circulatory system. For 
example, during a period of exercise or other activity, a person's intrinsic heart rate 
will generally increase over a time period of several or many heartbeats. However, 
even on a beat-to-beat basis, that is, from one heart beat to the next, and without 
exercise, the time interval between intrinsic heart contractions varies in a normal 
5 person. These beat-to-beat variations in intrinsic heart rate are the result of proper 
regulation by the autonomic nervous system of blood pressure and cardiac output; 
the absence of such variations indicates a possible deficiency in the regulation being 
provided by the autonomic nervous system. 

The autonomic nervous system itself has two components: sympathetic and 

10 parasympathetic (or vagal). The sympathetic component of the autonomic nervous 
system is relatively slow acting, and is associated with a tendency to raise heart rate, 
blood pressure, and/or cardiac output. The parasympathetic/vagal component of the 
autonomic nervous system, which provides a relatively faster response than the 
sympathetic component, is associated with a tendency to reduce heart rate, blood 

1 5 pressure, and/or cardiac output. A proper balance between the sympathetic and 
parasympathetic components of the autonomic nervous system is important. 
Therefore, an indication of this balance of the components of the autonomic nervous 
system, which is sometimes referred to as "autonomic balance," "sympathetic tone," 
or "sympathovagal balance,"provides a useful indication of the patient's well-being. 

20 One technique for providing an indication of the balance of the components 

of the autonomic nervous system is provided by the beat-to-beat heart rate 
variability, as discussed above. More particularly, intrinsic ventricular contractions 
are detected. The time intervals between these contractions, referred to as the R-R 
intervals, are recorded after filtering out any ectopic contractions, that is, ventricular 

25 contractions that are not the result of a normal sinus rhythm. This signal of R-R 
intervals is typically transformed into the frequency-domain, such as by using fast 
Fourier transform ("FFT") techniques, so that its spectral frequency components can 
be analyzed. Two frequency bands are of particular interest: a low frequency (LF) 
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band in the frequency ("f ') range 0.04 Hz <; f < 0.15 Hz, and a high frequency (HF) 
band in the frequency range 0.15 Hz < f < 0.40 Hz. The HF band of the R-R 
interval signal is influenced only by the parasympathetic/vagal component of the 
autonomic nervous system. The LF band of the R-R interval signal is influenced by 
both the sympathetic and parasympathetic components of the autonomic nervous 
5 system. Consequently, the ratio LF/HF is regarded as a good indication of the 
autonomic balance between sympathetic and parasympathetic/vagal components of 
the autonomic nervous system. An increase in the LF/HF ratio indicates an 
increased predominance of the sympathetic component, and a decrease in the LF/HF 
ratio indicates an increased predominance of the parasympathetic component. For a 

10 particular heart rate, the LF/HF ratio is regarded as an indication of patient wellness, 
with a lower LF/HF ratio indicating a more positive state of cardiovascular health. 

Such spectral analysis of the frequency components of the R-R interval 
signal has required an FFT (or other parametric transformation, such as 
autoregression) transformation from the time domain into the frequency domain. 

15 Implantable cardiac rhythm management devices, however, typically do not 

presently have the dedicated hardware to perform such FFT transformations. Even 
if an implantable cardiac rhythm management device did have such dedicated FFT 
hardware, performing the transformation would be computationally expensive, 
requiring increased power consumption, and shortening time during which the 

20 implanted battery-powered device can be used before its replacement is required. 
Therefore, there is a need to provide such an indication of patient well-being without 
requiring a computationally expensive transformation of the R-R interval signal into 
the frequency domain. 

25 Summary 

This document describes a cardiac rhythm management system that provides 
an indication of patient well-being based on the autonomic balance between the 
sympathetic and vagal components of the autonomic nervous system, using time- 
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domain processing of frequency components of a heart rate variability signal. 

In one embodiment, the cardiac rhythm management system provides a 
method that detects heart contractions over a time period. A time-domain first 
signal represents time intervals between the detected heart contractions. The first 
signal is filtered to obtain a time-domain second signal including frequency 
5 components substantially in a first frequency band. The first signal is also filtered to 
obtain a time-domain third signal including frequency components substantially in a 
second frequency band that is different from the first frequency band. Based on the 
second and third signals, the system provides an indication associated with an 
autonomic nervous system. 

10 In another embodiment, the cardiac rhythm management system provides a 

method that detects contractions of a heart over a time period. A time-domain first 
signal represents time intervals between the detected heart contractions. The first 
signal is filtered to obtain a time-domain second signal having frequency 
components substantially in a first frequency band. The system provides a 

15 substantially real-time time-domain indication, based on the second signal, of a 
balance between a sympathetic and a parasympathetic/vagal components of an 
autonomic nervous system. In a further embodiment, the system delivers therapy to 
a heart based on this indication of autonomic balance. 

In another embodiment, the cardiac rhythm management system includes a 

20 heart contraction detection module, providing a heart rate interval signal carrying 
information regarding intervals between heart contractions. A bandpass filter is 
coupled to the detection module for receiving the heart rate interval signal. The 
bandpass filter provides a time-domain bandpass filtered signal output. A variance 
module is coupled to the bandpass filter for receiving the bandpass filtered signal. 

25 The variance modules provides a resulting variance signal. An autonomic balance 
indicator module is coupled to the variance module, and provides an indication of a 
balance between sympathetic and parasympathetic components of an autonomic 
nervous system, based on the variance signal. In a further embodiment, a therapy 
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module, which is adapted to be coupled to a heart, provides therapy to the heart 
based at least in part on the autonomic balance indication. Other aspects of the 
invention will be apparent on reading the following detailed description of the 
invention and viewing the drawings that form a part thereof. 

5 Brief Description of the Drawings 

In the drawings, which are not necessarily drawn to scale, like numerals 
describe substantially similar components throughout the several views. Like 
numerals having different letter suffixes represent different instances of substantially 
similar components. The drawings illustrate generally, by way of example, but not 
10 by way of limitation, various embodiments discussed in the present document. 

Figure 1 is a schematic/block diagram illustrating generally one embodiment 
of portions of a cardiac rhythm management system. 

Figure 2 is a schematic/block diagram illustrating generally one embodiment 
of portions of a heart rate interval extraction module. 
15 Figure 3 is a graph illustrating generally one embodiment of a technique for 

processing a signal that includes R-wave information including providing a 
substitute R-wave to replace a premature ventricular contraction (PVC) or ectopic 
beat. 

Figure 4 is a graph illustrating generally one embodiment of a technique for 
20 processing a signal that includes R-wave information, including forming a 

continuous-time R-R interval signal and a sampled data heart rate interval signal that 
includes R-R interval information. 

Figure 5 is a graph illustrating generally one embodiment of a technique for 
sampling and filtering a continuous-time R-R interval signal to obtain a resulting 
25 sampled data heart rate interval signal that includes R-R interval information. 

Figure 6 is a graph illustrating generally one embodiment of a LF/HF signal 
representing autonomic balance based on an illustrated corresponding heart (e.g., R- 
R) interval signal, and illustrating generally one embodiment of a technique for 
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extracting one or more features of the LF/HF signal to further quantify a state of the 
patient's well-being. 

Figure 7 is a schematic/block diagram illustrating generally one embodiment 
of portions of a cardiac rhythm management device including a therapy module 
providing therapy based at least in part on the indication of autonomic balance. 
5 Figure 8 is a schematic/block diagram illustrating generally one embodiment 

of portions of a cardiac rhythm management system including a means (such as a 
"sleep" detector) for identifying one or more particular time periods of interest for 
obtaining the indication of autonomic balance. 

Figure 9 is a graph illustrating generally one technique for identifying a time 
10 period of interest for determining autonomic balance, in which the time period of 
interest is based on data regarding the intervals between heart contractions. 

Detailed Description 

In the following detailed description, reference is made to the accompanying 
1 5 drawings which form a part hereof, and in which is shown by way of illustration 
specific embodiments in which the invention may be practiced. These embodiments 
are described in sufficient detail to enable those skilled in the art to practice the 
invention, and it is to be understood that the embodiments may be combined, or that 
other embodiments may be utilized and that structural, logical and electrical changes 
20 may be made without departing from the spirit and scope of the present invention. 
The following detailed description is, therefore, not to be taken in a limiting sense, 
and the scope of the present invention is defined by the appended claims and their 
equivalents. In the drawings, like numerals describe substantially similar 
components throughout the several views. Like numerals having different letter 
25 suffixes represent different instances of substantially similar components. The term 
"and/or" refers to a nonexclusive "or" (i.e., "A and/or B" includes both "A and B" as 
well as "A or B"). 

The present methods and apparatus will be described in applications 
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involving implantable medical devices including, but not limited to, implantable 
cardiac rhythm management systems such as pacemakers, cardioverter/defibrillators, 
pacer/defibrillators, biventricular or other multi-site coordination devices, and drug 
delivery systems. However, it is understood that the present methods and apparatus 
may be employed in unimplanted devices, including, but not limited to, external 
5 pacemakers, cardioverter/defibrillators, pacer/defibrillators, biventricular or other 
multi-site coordination devices, monitors, programmers and recorders, whether such 
devices are used for providing a diagnostic, a therapy, or both a diagnostic and a 
therapy. 

This document describes a cardiac rhythm management system that provides 

10 an indication of patient well-being, based on an autonomic balance between the 
sympathetic and vagal components of the autonomic nervous system, using time- 
domain processing of frequency components of a heart rate interval signal. 

Figure 1 is a schematic/block diagram illustrating generally one embodiment 
of portions of a cardiac rhythm management system 100. In this embodiment, 

15 system 100 includes, among other things, a cardiac rhythm management device 105 
and a leadwire ("lead") 110 for communicating signals between device 105 and a 
portion of a living organism, such as a heart 115. Embodiments of device 105 
include, among other things, bradycardia and antitachycardia pacemakers, 
cardioverters, defibrillators, combination pacemaker/defibrillators, drug delivery 

20 devices, and any other implantable or external cardiac rhythm management 

apparatus capable of providing therapy and/or diagnostics to heart 115. System 100 
may also include additional components such as, for example, a remote programmer 
190 capable of communicating with device 105 via a transmitter or receiver, such as 
telemetry transceiver 187. 

25 In one embodiment, portions of system 100 (e.g., device 105) are 

implantable in the living organism, such as in a pectoral or abdominal region of a 
human patient, or elsewhere. In another embodiment, portions of system 100 (e.g., 
device 105) are alternatively disposed externally to the human patient. In the 
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illustrated embodiment, portions of lead 110 are disposed in the right ventricle, 
however, any other positioning of lead 110 is included within the present invention. 
For example, in various alternative embodiments, lead 110 may alternatively be 
positioned in a location that is associated with the right atrium and/or superior vena 
cava, the coronary sinus or great cardiac vein, the left atrium or ventricle, 
5 epicardially, or elsewhere. In one embodiment, lead 110 is a commercially available 
bipolar pacing lead having a tip electrode 120 and a ring electrode 125 configured to 
be disposed in a right ventricle of heart 115. System 100 can also include other 
leads and/or electrodes in addition to lead 110, appropriately disposed, such as in or 
around heart 115, or elsewhere. For example, in one external embodiment, device 

10 105 is not implanted and lead 110 provides external surface ECG electrode 

connections for sensing heart signals. In a unipolar example, implanted device 105 
itself includes one or more electrodes for sensing heart signals or providing therapy, 
such as housing electrode 130 or header electrode 135. 

Figure 1 also illustrates generally portions of device 105, together with 

15 schematic illustrations of example connections to the various electrodes. Device 
105 includes a heart contraction detection module 137 that receives intrinsic heart 
signals from electrodes that are communicatively associated with heart 115. Module 
137 provides an output heart rate interval signal carrying information about the time 
intervals between heart contractions. Because, as discussed above, the interval 

20 between heart contractions manifests intrinsic variations, the output heart rate 

interval signal provided by module 137 includes heart rate variability information. 

In one embodiment, module 137 includes a sense amplifier 140, which, in 
this illustration, is coupled to tip electrode 120 and ring electrode 125 for receiving 
intrinsic heart signals that include electrical depolarizations corresponding to heart 

25 contractions (right ventricular heart contractions, in this example). Sense amplifier 
140 detects such input heart depolarizations and provides an output electrical signal 
carrying such information to subsequent portions of device 105. In a further 
embodiment, sense amplifier 140 also includes filtering or other signal processing 



Attorney Docket No. 279.3 1 7US2 



9 



circuits for detecting the desired electrical depolarizations associated with heart 
contractions, as is known in the art. Device 105 also includes an analog- to-digital 
(A/D) converter 145, which receives the sensed electrical depolarization signal and 
provides an output digital representation thereof. In a further embodiment, A/D 
converter 145 includes associated sample and hold circuits for sampling the 
5 electrical signal output by sense amplifier 140. Peak detector 150 receives the 
digitized signal from A/D converter 145 and detects signal peaks associated with 
heart contractions. In this embodiment, these signal peaks are the R-waves in the 
QRS complexes associated with ventricular heart contractions. However, it is 
understood that the disclosed structure and techniques could also be used to detect 

10 atrial heart contractions using P-waves associated with atrial depolarizations. 

In the illustrated embodiment, peak detector 150 outputs information about 
the timing of each R-wave to heart interval extraction module 155. Based on this 
information, heart rate interval extraction module 155 provides a discrete-time 
signal that is periodically sampled, i.e., the time difference between such samples is 

15 uniform. Each such sample includes an associated time interval ("heart rate 
interval") corresponding to the detected heart rate. 

Figure 2 is a schematic/block diagram, illustrating generally one embodiment 
of portions of heart rate interval extraction module 155, which includes an ectopic 
detection/processor module 200, an R-R interval calculation and storage module 

20 205, and an R-R interval sampling and filter module 210. Heart rate interval 
extraction module 155 outputs a sampled data heart rate interval signal 215 that 
includes R-R interval information. In Figure 2, ectopic detection/processor module 
200 receives the detected R-wave peaks from peak detector 150. Module 200 
deletes, replaces, and/or suppresses from further processing ectopic R-waves 

25 (sometimes referred to as premature ventricular contractions, or "PVCs"). Ectopic 
R-waves do not result from a normal sinus rhythm, that is, from a conducted atrial 
depolarization. 

In one embodiment, ectopic detection/processor module 200 also receives 
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detected P-wave peaks, corresponding to atrial depolarizations, from electrodes 
associated with an atrium and sensed by an atrial sense amplifier (not shown). This 
embodiment of operating ectopic detection/processor module 200 is illustrated 
generally by the signal graph of Figure 3. The input signal 300 of Figure 3 
illustrates instances of detected R-wave peaks, depicted by upward arrows. In 
5 Figure 3, any detected R-wave for which no P-wave was detected since the 
preceding R-wave is deemed a PVC. PVCs are suppressed in output signal 305 
from further signal processing. Such PVCs are replaced in output signal 305 by a 
substitute R-wave at the estimated time at which such R-wave would have occurred 
had there not been an ectopic event. In Figure 3, beat number 10 represents a PVC 

10 that is replaced by a substitute R-wave. 

Many techniques exist for generating a substitute R-wave. In one example, 
the PVC is replaced by a substitute R-wave placed at time that is interpolated from 
that of following and preceding nonectopic R-waves. Because PVCs sometimes 
occur in groups, however, other techniques may also be used. Such techniques 

15 include using a moving average-like technique, spline-like technique, or median-like 
technique. A predetermined number of R-R intervals before and/or after the PVC 
may be used to calculate a time of occurrence of the substitute R-wave when a PVC 
occurs. 

Figure 4 is a signal graph illustrating generally one embodiment of the 
20 operation of R-R interval calculation and storage module 205 and R-R interval 
sampling and filter module 210. R-R interval calculation and storage module 205 
receives, from ectopic detection/processor module 200, a signal 220 including R- 
wave peaks with any substituted R-waves. Module 205 includes a timer that 
determines the R-R time interval between detected R-wave peaks, and stores the R- 
25 R intervals in memory to provide a resulting continuous time R-R interval signal 
225. Signal 225 is sampled by module 210 to produce the resulting sampled data 
heart rate interval signal 215, which includes R-R interval information. 

In one embodiment, module 210 includes a sampling module that samples 
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signal 225 at a sampling frequency, f s exceeding the Nyquist criterion. For 
example, if the maximum expected heart rate (after PVC removal) is 1 80 beats per 
minute, then a sampling rate that is greater than or equal to 6 Hz is sufficient. In one 
embodiment, this sampling module portion of module 210 also includes a finite 
impulse response (FIR) lowpass filter (or similar lowpass filter, averager, decimator, 
5 or downsampler) that provides a smoothed sampled data heart rate interval signal 
210. 

In one embodiment, a three sample point FIR filter is used to sample and 
filter continuous time R-R interval signal 225. These sample points are separated 
from each by a time interval, AT S , where AT S is the inverse of the sampling 

10 frequency, f s . In operation, if the three sample points (at times t^.,, t j? and t i+1 ) fall 
within the same R-R interval of continuous time R-R interval signal 225, then that 
R-R interval value is used as the corresponding output sample, RR^. Otherwise, if 
the three sample points span a pair of R-R intervals (i.e., first and second R-R 
intervals, RRj and RR 2 ) on continuous time R-R interval signal 225, a weighted 

15 average of the first and second R-R interval values is used as the corresponding 
output sample, RR^. Each of the first and second R-R interval values is weighted 
according to the fraction of the time, (t i+1 - t ul ) associated with that one of the first 
and second R-R intervals, RRj and RR 2 . Operation of such a filter is illustrated 
generally by Figure 5. 

20 Figure 1 also illustrates a time-domain heart rate variability (HRV) signal 

processing module 160 that receives the heart rate interval signal 215 from heart rate 
interval extraction module 155, and provides a resulting indicator of patient well- 
being. In one embodiment of HRV signal processing module 160, the input heart 
rate interval signal 215 is received by a low frequency (LF) bandpass filter 165 and 

25 by a high frequency (HF) bandpass filter 170. In one embodiment, LF bandpass 
filter 165 is a finite impulse response (FIR) type filter having a lowpass cutoff 
frequency that is approximately equal to 0.15 Hz, and a highpass cutoff frequency 
that is approximately equal to 0.04 Hz. As a result, LF bandpass filter 165 outputs a 
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filtered heart rate interval signal having frequency components that are primarily 
approximately between 0.04 Hz and 0.15 Hz inclusive. In this embodiment, HF 
bandpass filter 170 is an FIR type filter having a lowpass cutoff frequency that is 
approximately equal to 0.40 Hz, and a highpass cutoff frequency that is 
approximately equal to 0.15 Hz. As a result, HF bandpass filter 170 outputs a 
5 filtered heart rate interval signal having frequency components approximately 

between 0.15 Hz and 0.40 Hz inclusive. Appropriate infinite impulse response (IIR) 
filter structures could also be used. Since the ultimate measurement of patient well- 
being is based on variance, waveform distortion is not of great concern and, 
therefore, the filter need not provide linear phase. 

10 LF variance module 175 and HF variance module 180 receive the output 

signals from LF bandpass filter 165 and HF bandpass filter 170, respectively. These 
variance modules 175 and 180 each perform a variance-type or similar computation, 
respectively outputting LF variance and HF variance signals to ratio module 185. In 
one embodiment, variance modules 175 and 180 each include a squaring circuit (i.e., 

15 a circuit that multiplies the input by itself to provide an output signal that is 

equivalent to the input signal raised to the second power) followed by a lowpass 
filter (or integrator or averager) to provide the resulting output signal. This squaring 
and lowpass filtering operation is equivalent to a variance computation that provides 
an indication of heart rate variability within the associated frequency range. In one 

20 embodiment, the lowpass filter used by variance modules 175 and 180 is an IIR type 
filter having a single lowpass pole with exponential weighting of past samples 
occurring during a moving time window that is approximately between 2 and 5 
minutes, inclusive, in length. 

Ratio module 185 receives the LF and HF variance output signals from LF 

25 variance module 175 and HF variance module 180, respectively, and divides the 
value of the LF variance by the HF variance. The resulting LF/HF ratio output by 
ratio module 185 provides an indication of the sympathovagal balance between the 
sympathetic and parasympathetic/vagal components of the autonomic nervous 
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system. As discussed above, an increase in the LF/HF ratio indicates an increased 
predominance of the sympathetic component, and a decrease in the LF/HF ratio 
indicates an increased predominance of the parasympathetic component. For a 
particular heart rate, the LF/HF ratio is regarded as an indication of patient wellness, 
with a lower LF/HF ratio indicating a more positive state of cardiovascular health. 
5 In one embodiment, this LF/HF ratio output by ratio module 185 is itself used as a 
patient wellness indicator. In further embodiments, however, this LF/HF ratio signal 
undergoes further processing, as discussed below. 

For example, in one such further embodiment, the LF/HF ratio signal output 
by ratio module 185 is received by a lowpass filter (or integrator or averager) 190 to 

10 provide additional smoothing of the indication of patient well-being. In one such 
example, lowpass filter 190 is implemented as an exponential-weighted averager 
(i.e., more recent samples are weighted more than older samples) over a sliding time 
window that is approximately between 2 minutes and 5 minutes inclusive, such as 
about 5 minutes. The resulting smoothed LF/HF ratio signal output by lowpass 

15 filter 190 provides a more stable indication of the patient's sympatho vagal balance; 
one such smoothed LF/HF ratio signal is illustrated generally, by way of example, 
but not by way of limitation, in the graph of Figure 3, together with a corresponding 
sample heart rate interval signal on which the smoothed LF/HF ratio is based. 

In a still further embodiment, the smoothed LF/HF ratio signal is received by 

20 autonomic balance indicator module 195 for further processing. In one example, 
module 195 includes a peak detector for obtaining the local minima and/or maxima 
of the smoothed LF/HF ratio signal, as illustrated in Figure 6. Thus, in one 
embodiment, the indication of autonomic balance is based on one or more features 
of the smoothed LF/HF ratio signal, such as the local minima (e.g., using the lowest 

25 local minima during a given time period, an average of the local minima during a 
given time period, etc.), the local maxima, slope of the smoothed LF/HF ratio signal, 
and/or slope of portions of the LF/HF envelope (e.g., lines drawn between 
successive local minima and lines drawn between successive local maxima). In a 



Attorney Docket No. 279.317US2 



14 



further embodiment, the desired indication of autonomic balance is communicated 
by telemetry transceiver 187 to external programmer 190, such as for processing 
and/or for visual, audible, or other diagnostic display to the physician or other user. 

Figure 7 is a schematic/block diagram illustrating generally, by way of 
example, and not by way of limitation, one embodiment of portions of device 105 
5 including a controller 700 and a therapy module 705. Therapy module 705 provides 
cardiac rhythm management therapy to heart 115 via electrodes that are 
communicatively associated therewith. Examples of such therapy include, without 
limitation, atrial or ventricular pacing therapy, antitachyarrhythmia therapy, multi- 
site coordination therapy such as biventricular pacing, drug delivery. In one such 

10 embodiment, the parameters of such therapy are adjusted and/or optimized by 
controller 700 based at least in part on one or more indications of 
sympathetic/parasympathetic balance obtained from time-domain HRV signal 
processing module 160. For example, such parameters for providing dual chamber 
pacing therapy are well known in the art (e.g., rate, amplitude, pulsewidth, A V- 

15 delay, etc.); such parameters are adjusted, either individually or in combination, to 
increase or decrease a particular indication of autonomic balance (e.g., to decrease 
the lowest local minima of the smoothed LF/HF signal). Such parameter 
optimization is performed either in device 105 or, alternatively, in external 
programmer 190. 

20 In another example, the real-time (i.e., not substantially delayed) indicator of 

sympathetic/vagal balance provided by module 160 alerts the device to time periods 
during which heart 115 is particularly susceptible to tachyarrhythmias, such as when 
the smoothed or unsmoothed LF/HF signal increases (e.g., beyond a threshold value 
or at a rate that exceeds a threshold rate). In this embodiment, the increase in the 

25 LF/HF indication predicts the likely present or future onset of a tachyarrhythmia 
and, as a result, controller 700 triggers the delivery of preventative 
antitachyarrhythmia therapy to prevent the occurrence of the tachyarrhythmias. 
Such antitachyarrhythmia therapy includes antitachyarrhythmia pacing (ATP) 
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sequences and/or antiarrhythmic drug therapy using drugs that increase 
parasympathetic and/or decrease sympathetic activity. Thus, this embodiment 
provides real-time control of therapy delivery based on the then-existing (or slightly 
delayed) indication of sympathetic/vagal balance. 

Figure 8 is a schematic/block diagram illustrating generally, by way of 
5 example, but not by way of limitation one embodiment of portions of device 105 in 
which controller 700 (or, alternatively, external programmer 190) includes a "sleep 
detector" module 800 or other similar module for identifying one or more particular 
time periods of interest for obtaining the indication of sympathetic/vagal balance. In 
one embodiment, sleep detector 800 includes a long term (e.g., 24 hour) averager 

10 805 for storing the long term average interval between heart contractions (e.g., R-R 
interval), and a long term (e.g., 24 hour) peak detector 810 for storing a 
corresponding long term maximum interval between heart contractions (e.g., 
maximum R-R interval). In this embodiment, autonomic balance indicator module 
195 of Figure 1 provides an indication of patient well-being based on 

15 sympathetic/vagal balance as obtained only when the interval between heart 
contractions exceeds the long term average value over a time period that: (1) 
extends forward in time from the time corresponding to the maximum interval 
between heart contractions to the first time, T f , at which the interval between heart 
contractions drops back to the long term average value: and (2) extends backward in 

20 time from the time corresponding to the maximum interval between heart 

contractions to a time that is not more than 8 hours (by way of example) earlier than 
the time T f . Intervals during this time period in which the interval between heart 
contractions is less than the long term average value are, in one embodiment, 
ignored for the purposes of providing an indication of sympathetic/parasympathetic 

25 balance. This described technique is illustrated generally, by way of example, but 
not by way of limitation, in Figure 9. This technique is particularly useful for 
ascertaining longer term (e.g., over a period of days or months) variations in the 
patient's well-being as determined from sympathetic/parasympathetic balance. 
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Because exercise, posture, and even being awake affect the 
sympathetic/parasympathetic balance, these factors are de-emphasized for 
ascertaining such longer term variations in the patient's well-being. While the time 
periods used in such techniques may be deemed "sleep," as referred to in this 
document by the use of the term "sleep detector module," it is understood that such 
5 times may not correspond exactly to periods during which the patient is sleeping. 
Other suitable time periods may also be used to de-emphasize components of the 
patient's sympathetic/vagal balance that tend to confound an assessment of long- 
term well-being. 



10 Conclusion 

This document describes, among other things, a cardiac rhythm management 
system that provides an indication of patient well-being based on the autonomic 
balance between the sympathetic and vagal components of the autonomic nervous 
system, using time-domain processing of frequency components of a heart rate 

15 interval signal. It is to be understood that the above description is intended to be 
illustrative, and not restrictive. For example, the above-described embodiments may 
be used in combination with each other. Many other embodiments will be apparent 
to those of skill in the art upon reviewing the above description. The scope of the 
invention should, therefore, be determined with reference to the appended claims, 

20 along with the full scope of equivalents to which such claims are entitled. In the 
appended claims, the terms "including" and "in which" are used as plain-English 
equivalents of the respective terms "comprising" and "wherein." 
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